Abstract Background counts in gamma-ray spectrometry are caused by a variety of sources. Among these are naturally occurring radioactive materials (NORM) in the environment, interactions from cosmic radiation, and contamination within the laboratory. High-purity germanium detectors were used to acquire long background spectra in Los Alamos, NM (elevation *7,300 feet) and Austin, TX (elevation *500 feet). This difference in elevation has a sizeable effect on background spectra due to cosmic interactions, such as (n,n 0 ) and (n,c). Los Alamos also has a fairly high NORM concentration in the soil relative to Austin, and this gives way to various spectral interferences. When analyzing nuclear forensics samples, these background sources can have non-trivial effects on detection limits of low-level fission products. By accurately determining the influence that elevation and environment have on background spectra, interferences within various laboratory environments can be more accurately characterized.
Introduction
Gamma-ray spectrometry plays an important role in analyzing potential nuclear forensics samples. Depending upon the radionuclide and its origin, the sample masses can range from nanograms to kilograms of material with activities that span the gamut. Low-level samples typically require high-purity germanium (HPGe) detectors with good energy resolution and high efficiencies. High-level samples can typically be reduced to more manageable levels through either chemical dilution or selection of better counting geometry. In either situation, it is important to take into account background and spectral interferences. Spectral interferences from other radionuclides in the sample matrix can be difficult to quantify and are largely sample dependent. However, detector and laboratory background interferences can and should be well understood before analyzing samples for nuclear forensics. A comparative study of background gamma-ray peaks observed on high efficiency HPGe Compton suppression systems at Los Alamos, NM and Austin, TX is presented.
Background interferences can come from a variety of sources including terrestrial radiation, cosmic radiation, and contamination in the laboratory. Terrestrial radiation is dominated by naturally occurring radioactive materials (NORM), such as 40 K, radon and other progeny from the 238 U and 232 Th series [1] . These are typically found in the soil and building materials surrounding the laboratory [2] . Cosmic radiation is mostly in the form of high-energy particles or photons that interact with the atmosphere and produce cascades of other particles such as hadrons, pions, leptons, and photons [3, 4] . These cosmic showers result in a variety of interactions that are dependent upon the geographical setting, with special consideration to the elevation, and construction materials of the laboratory. Higher elevation typically results in a higher cosmic dose, which can cause reaction products that contribute to gamma-ray spectra in the form of spectral peaks or Compton scattering events [2, 5] . An example of cosmic interactions are the various (n,n 0 ) reactions on the stable isotopes of germanium in the detector crystal [6, 7] . Contamination in the laboratory is by definition unwanted, but could result from man-made activities, fall-out, or accidents [2] . Other sources of contamination include materials used in detector setups and shielding [8] .
Los Alamos National Laboratory (LANL) has established itself as a premier nuclear research laboratory and if the need arises, it will contribute greatly to any nuclear forensics sample analysis. LANL is located at about 7,300 feet above sea level, making the cosmic particle flux an important factor in its gamma-ray spectra. Austin, Texas is located at only about 500 feet above sea level. The Nuclear Engineering Teaching Laboratory (NETL) at the University of Texas at Austin has performed research in many projects utilizing gamma-ray spectroscopy. Because of the low elevation in Austin, the cosmic particle flux is much less of a contribution to its gamma-ray spectra. The differences in elevation and terrestrial radiations are measured by comparison of background gamma-ray spectral features between the two locations. Interferences with some fission and activation products are also identified, where appropriate, for the background peaks.
Experimental
There were two gamma-ray detector systems utilized for this research project. The first is the LANL Nuclear and Radiochemistry group's clover system which is equipped with two HPGe clover detectors, each having four germanium crystals with a relative efficiency of 20 % each. The system gets the name ''clover'' because it resembles a four-leaf clover shape for the four germanium crystals in a single cryostat. Clovers have been discussed for a number of years in low-level gamma-ray spectroscopy, because they have good timing characteristics and high photopeak efficiency in add-back mode [8] . Add-back mode allows one to essentially add counts back to the photopeak by summing the energies deposited from Compton scattering events in neighboring crystals within a given time window.
Both clover detectors rest on a custom built stand make from various thermoplastic materials (Delrin, PEEK, PEI, and ABS) and face each other with typically a 1/8 00 separation. The separation distance can be adjusted using different sized stops for the hand-crank control. The HPGe Clovers are surrounded by a *2 00 thick NaI(Tl) annulus used for Compton suppression. The NaI(Tl) crystal is enclosed in oxygen free high conductivity (OFHC) copper housing, rather than the traditional aluminum, to lower its intrinsic radioactivity. The system is located in a room lined with *8 00 of pre-WWII steel. The advantage of this is that the steel is free from nuclear fallout and provides enough passive shielding that lead is not needed. The air in the room is also continuously circulated using a high efficiency particulate air (HEPA) filtration system in order to reduce the natural radon levels in the room.
The detector preamps are connected to XIA PIXIE-4 75 MS/s digitizers, and the detector signals are recorded in event-timestamp list-mode. Each crystal in the clover detector is connected to a separate channel in a PIXIE module. Because each PIXIE module has four channels and the clover detector has four crystals, each clover detector has its own module. The NaI(Tl) annulus is broken up into four segments, with two photomultiplier tubes (PMT) for each section. Each PMT has its own module channel, so the annulus has two PIXIE modules devoted to it. In all, there are four PIXIE modules in the system, each module having four channels for a total of 16 channels. All modules are controlled from the same computer and use the same clock in order to synchronize the timestamps in each detector.
The four digitizer modules were tested to synch within one clock-cycle (*13 ns) of each other. Three spectra were obtained from Los Alamos National Laboratory: a 4,000-min background before the NaI(Tl) annulus was installed (no-annulus); an 8,000-min background with the NaI(Tl) annulus installed from which the unsuppressed (no-veto) and suppressed (veto) spectra were extracted in add-back mode.
The NETL at The University of Texas at Austin has a gamma-ray counting system consisting of two HPGe detectors and a NaI(Tl) annulus surrounded by a lead shield. Only one HPGe detector was used for the background count and it has a relative efficiency of 35 %. The NaI(Tl) annulus has a 12 00 outer diameter and a 3.25 00 inner diameter. The system is connected to a PIXIE digitizer with the spectrum taken in list-mode. An 8,000-min background count was taken, from which both a suppressed and an unsuppressed spectrum were extracted.
Results
A listing of background gamma-ray peaks and their suspected origin are shown in Table 1 . These results are from the 8,000-min (live-time) counts at each location, both running in suppressed mode. The LANL spectrum was run in add-back mode. The results are normalized to net counts-per-minute (CPM) for ease of comparison. The net peak areas were determined using Genie-2k. A ''no-annulus'' background spectrum was also taken at Los Alamos National Laboratory for 4,000 min in add-back mode before the NaI(Tl) annulus was installed. This spectrum showed significantly more peaks; however, the full results are not presented here because the system will never be used in that fashion. Figure 1 shows a combined plot of the background spectra in suppressed mode at each location. The Los Alamos spectra were binned at 4,096 channels and the Austin spectra were binned at 8,192 channels. The gain calibrations for both the LANL and Austin systems were nominally 0-3 MeV. Using an efficiency curve for some calibrated source geometry would also not help in determination of effective background activities, because the background sources are external to the system and the location and geometries of these sources are unknown. This will, however, be important to future work in determining minimum detectable activities (MDA's). For comparison, the absolute full-energy peak efficiency for a 137 Cs point source at 662 keV was found to be (11.8 ± 1.2) % for the LANL system and (5.7 ± 0.6) % for the UT Austin system. Other background analyses have been performed elsewhere, showing how important it is to consider each laboratory independently [4, [9] [10] [11] .
The following subsections will discuss the observed background peaks in each spectrum and the radioisotope(s) to which each peak is attributed. Count rates of important peaks are included, as well as the usefulness of veto mode in reducing various peaks.
K and annihilation
The 1,460 keV 40 K peak count rate in Los Alamos was found to be 10.1 ± 0.1 counts per minute in the no-annulus spectrum, 3.10 ± 0.04 counts/min in the no-veto spectrum, and 3.10 ± 0.03 counts/min in the veto spectrum. This shows a factor of 3.39 reduction in 40 K just by adding the 2 00 NaI(Tl) annulus as passive shielding. The source term for the 40 K is most likely the concrete in the building as well as the earthen berm covering the steel room. In Austin, the 40 K count rate was found to be 0.244 ± 0.007 counts/min in the no-veto spectrum and 0.241 ± 0.006 counts/min in the veto spectrum. In either case, the 40 K peak is only slightly reduced by running the system in veto mode.
At Los Alamos, the annihilation peak at 511 keV was found to have a count rate of 14.0 ± 0.2 counts/min in the no-annulus spectrum, 8.46 ± 0.09 counts/min in the noveto spectrum, and 2.46 ± 0.05 counts/min in the veto spectrum. The NaI(Tl) annulus shows only a factor of 1.79 reduction in the annihilation peak as passive shielding. In Austin, the 511 keV peak count rate was found to be 0.385 ± 0.014 counts/min in the no-veto spectrum and 0.279 ± 0.011 counts/min in the veto spectrum. The LANL system shows a significant reduction in the 511 keV peak when going from no-veto to veto mode. The discrepancy between the proportion of 511 keV events that are vetoed in each system is likely due to the absence of the lead shield in the LANL system. In order to see a veto mode reduction in the number of 511 keV events, another event must occur within the same coincidence window. One example would be a pair-production and subsequent annihilation reaction where one 511 keV photon is detected by the active annulus shield, and the other 511 keV photon is detected by an HPGe detector. Another example would be a 511 keV event in coincidence with an escape peak. High-energy pair-producing events are known to come from a variety of background sources (cosmic, 40 K, 208 Tl, etc.…). In the UT Austin system, these high-energy background events are more likely to interact in the lead shield before reaching the detector system. If the interaction produces pair-production in the shield, it is likely that only one of the annihilation photons would be detected by the system. The other annihilation photon should travel away from the detectors and interact again in the shield or escape. In that case, one would not expect a significant reduction in 511 keV events in veto mode, because there are few events that occur in coincidence with it. In the LANL system, these high-energy pair-production interactions will often occur in the detector system itself because of the lack of surrounding high-Z shielding materials. In that case, annihilation events detected in an HPGe crystal will have a greater chance of occurring in coincidence with the active annulus shield, and of being vetoed in the spectrum. There are also interferences from other nuclides in the thorium decay chain, e.g. 208 Tl, that occur around 511 keV. The main gamma-ray emitters visible in the background spectra in the thorium decay chain are 228 Ac, 212 Pb, 212 Bi, and 208 Tl. The gamma-rays emitted from these nuclides have energies and count rates that can be seen in Table 1 . Other observable peaks that contribute to the spectrum have energies of 1,592 keV ( 208 Tl double escape peak) and 2,102 keV ( 208 Tl single escape peak). 228 Ac has four prominent gamma-rays that appear in the Los Alamos background spectra, with energies of 795, 911, 969, and 1,588 keV. The 969 keV peak interferes with another 964 keV peak from 228 Ac, and the 1,588 keV peak interferes with the double escape peak from the 2,614 keV gamma-ray of 208 Tl. The addition of the passive NaI(Tl) shield reduced this nuclide's count rate by about a factor of 2. The Austin background spectrum only showed the 911 keV peak and the 969 keV peak. 212 Pb has one prominent gamma-ray at 239 keV, which was present in both the Los Alamos and the Austin background spectra. In the no-annulus spectrum the peak produced 1.55 ± 0.03 counts/min. In no-veto mode, this peak produced 0.249 ± 0.083 counts/min at Los Alamos and 0.225 ± 0.047 counts/min in veto mode. The NaI(Tl) annulus provided about a factor of 6.29 reduction due to the passive shielding, and the count rate decreases slightly in veto mode. In Austin, the peak produced 0.0248 ± 0.0103 counts/min in no-veto mode and 0.0295 ± 0.0073 counts/ min in veto mode. The count rate appears to increase slightly in veto mode, but is within statistical uncertainty of the no-veto count rate. 212 Bi has two prominent gamma-rays at 727 and 1,621 keV. This nuclide was only detected in the noannulus Los Alamos spectrum and in the Austin veto spectrum. The 727 keV peak produced 0.293 ± 0.090 counts/min and the 1,621 keV emission produced 0.102 ± 0.035 counts/min in the no-annulus spectrum at Los Alamos. In Austin, the 727 keV peak produced 0.00625 ± 0.00350 counts/min in the veto spectrum. One possibility for only observing it in the no-annulus spectrum in Los Alamos is because the shielding provided in the Los Alamos system was enough to effectively prevent this nuclide from having a significant presence in the laboratory. In Austin, the nuclide was only detected in the veto spectrum because the detection limit was low enough in veto mode to observe the nuclide in the laboratory. 208 Tl has three prominent peaks with energies of 277, 583, and 2,614 keV. In the Los Alamos no-annulus spectrum, the 277 keV peak was masked by Compton scattering, and in the veto spectrum, the 277 keV peak was effectively suppressed. In the Austin background, only the 583 keV and the 2,614 keV peaks were observed in the veto and no-veto spectra.
U decay chain
The main gamma-ray emitters visible in the background spectrum in the uranium decay chain are 234 Th, 214 Pb, 214 Bi, 210 Pb, and possibly 226 Ra. The information for the gammas from these nuclides can be seen in Table 1 . Another observable peak that contributes to the background spectrum from the 238 U decay chain has an energy of 2,118 keV ( 214 Bi sum peak). 234 Th has two observable peaks at 63 and 94 keV. The 63 keV peak was not observed in the Los Alamos noannulus spectrum due to the lower energy limit of the detector settings. The 63 keV peak was observed in all other spectra in Los Alamos and in Austin, and the 94 keV peak was observed in all spectra. The NaI(Tl) passive shield reduced the 94 keV peak by a factor of 5.19. Veto mode seemed to have no effect on these peaks except to reduce the uncertainty in the area of the peak in the Los Alamos spectra.
There was one observable peak at 186 keV, which can be attributed to 226 Ra or 235 U. The count rate was only observed in the no-veto mode of the LANL background spectra. It had a count rate of 0.178 ± 0.075 counts/min. The 186 keV peak was observed in both the no-veto and veto spectra in Austin. The no-veto spectrum showed a count rate of 0.0476 ± 0.014 counts/min and the veto spectrum showed a count rate of 0.0514 ± 0.011 counts/min. The fact that the peak is fully suppressed in veto mode in the LANL spectrum suggests that the peak may be attributed to 235 U. This is because 235 U emits the 186 keV photon in cascade with other photons. The fact that the count rate is virtually unchanged at Austin may suggest that the peak should be attributed to 226 Ra which emits the 186 keV photon as a single emission. 214 Pb has two observable peaks at 295 and 352 keV. The 295 keV peak was only observed in the no-annulus Los Alamos spectrum and had an observed count rate of 0.653 ± 0.102 counts/min. The 352 keV peak was observed in all spectra in Los Alamos and Austin. The 352 keV count rate was reduced by a factor of 7.89 when the passive NaI(Tl) shield was implemented. The higher count rate in veto mode in the Austin spectrum may be attributed to the lower continuum counts in the low-energy region in the veto spectrum. 214 Bi has 14 observable peaks at 609, 934, 1120, 1155, 1238, 1378, 1401, 1408, 1509, 1730, 1764, 1847, 2204, and 2447 keV. All peaks, except 1401 and 1730 keV, were visible in the no-annulus Los Alamos spectrum. When the passive shield was introduced, the 1155, 1408, 1509, 1847, and 2447 peaks were suppressed to undetectable limits. The passive shield reduced the remaining peaks by a factor of between 29 and 59. In veto mode, each of the peaks in the spectrum with the passive shield were observed as well as the 1,408 and 1,730 keV peaks, though the count rates were low. This is because the Compton suppression improved the detectability of these events. In the Austin spectra, the 609, 1120, 1378, 1764, and 2204 keV peaks were observed in the no-veto spectrum. In veto mode, all these peaks were also observed, as well as the 934, 1238, 1401, and 1509 keV peaks. This is because the continuum was reduced in veto mode to levels where these peaks could be detected. In both Los Alamos and Austin, the veto spectrum showed a reduction in the 609, 934, and 1120 keV peaks by a factor of between 19 and 29, indicating that these photons may be produced in cascading emissions a significant part of the time, which are suppressed by the active NaI(Tl) shield. Although it is not observable in the spectra presented here, it is worth mentioning that some systems at LANL can see a 768 keV peak from 214 Bi. This can interfere with measurements on the only abundant line, 765.8 keV, from the fission product 95 Nb. The line at 609.3 keV from 214 Bi can also interfere with the 135 Xe peak at 608.2 keV. 210 Pb has one observable peak at 46.5 keV. Due to the settings on the detector at the time the no-annulus spectrum at Los Alamos was taken, this was below the energy cutoff range of the detector. The 46.5 keV peak was observable on all other spectra in Los Alamos and Austin.
Cosmic radiation
Due to the higher elevation at LANL, one would expect to see more cosmic-induced radiation in the Los Alamos gamma-ray spectra. This is evident in the numerous (n,n 0 ) and (n,c) reactions. From Table 1 In in the LANL spectrum that are not present in the Austin spectrum. The 2,224 keV gamma-ray is most likely from the reaction 1 H(n,c) 2 H* in the clover detector stand material, which is composed of thermoplastic materials. The peak at 846 keV is most likely from the 56 Fe(n,n 0 ) 56 Fe* reaction in the steel in the room where the LANL clover is encased. Part of the 1,238 keV peak could also be attributed to the 56 Fe(n,n 0 ) 56 Fe* reaction. The germanium peaks are from the detector crystal itself, and the (n,n 0 ) reactions show the characteristic saw-tooth shape at 595.8, 689.6, and 834.5 keV. The peak at 139.7 keV from 74 Ge(n,c) 75m Ge is particularly important because it interferes with the 140.5 keV lines from 99 Mo and 99m Tc. The indium peaks are likely the result of 115 In(n,c) events on the indium bands used in the detector to bind the electrodes to the crystal. Note that aside from the peaks given in Table 1 , a sum peak at 2,389 keV can be attributed to the 115 In(n,c) event as well. The peak at 109 keV could be attributed to activation of 19 F or to 235 U. However, due to the low count rates of the other 235 U peaks, this is likely due to the fluorine in the Teflon used to bind cryostat materials to the detector crystal. Although not present in these spectra, there are other (n,n 0 ) and (n,c) reactions on cadmium and copper seen at LANL in the graded shields [12] . There were no discernible cosmic interactions seen in the Austin spectrum, presumably because of the lower elevation, and hence lower cosmic neutron flux in Austin. Other factors that can play a role in the cosmic flux observed in gamma-ray spectra are the longitude at which the spectra are taken, as well as the season and time of day at which the spectra are taken. While these factors should be considered, the most important difference considered here was assumed to be the elevation difference between the two laboratories.
Conclusions
The sources of background interferences in low-level gamma-ray spectroscopy systems at two different laboratories were presented. Understanding and quantifying these interferences are important if the samples to be analyzed have low activities. The spectra taken with the LANL clover detector showed a significant improvement merely by adding a NaI(Tl) annulus. Not surprisingly, both systems saw good improvements when going from no-veto to veto modes. Now that the background peaks are well understood, it will be easier to identify sources of radionuclide interference in the future.
It would be useful to perform full photopeak efficiency calibrations for the LANL and UT Austin systems for the same source geometry. This would allow cross calibration of the systems and direct comparison in quantification of materials. Cascade summing effects will need to be determined, because of the close-in counting geometry nature of these systems. This is also important if the sample to be analyzed has known cascades (e.g. 60 Co). Future work will involve performing these efficiency calibrations in order to determine minimum detectable activities for each of these systems.
